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Introduction
Several authors have hypothesized a relationship be-
tween the jaw and tooth morphology of bats and the hard-
ness of the food they consume. Freeman (1979, 1981) sug-
gested that bats consuming harder insects (beetles) have larger 
teeth and heavier, shorter jaws than those specialized on a diet 
of softer insects (moths). The possibility of such a correla-
tion has created interest in the quantifi cation of the hardness 
of prey items and in attempting more rigorous tests. One ap-
proach used to quantify the hardness of insects has been to 
categorize families or orders of insects as having characteris-
tic hardness based on the researcher’s general knowledge of 
insects with no direct measurement of insect hardness (Free-
man, 1981; Carraway et al., 1996). Hence beetles were given 
a hardness of 5 while moths received a hardness of 2 in Free-
man (1981). Less subjectively, insect hardness has also been 
quantifi ed in the laboratory (Strait & Vincent, 1998; Aguirre 
et al., 2003; Evans & Sanson, 2005). Their basic methods in-
volve measuring the force or work necessary to part or pen-
etrate an insect. Strait & Vincent (1998) quantifi ed the work 
needed to cut through an insect’s abdomen with scissors. Agu-
irre et al. (2003) and Evans & Sanson (2005) used fl at-end 
punches and measured the force needed to penetrate the in-
sects. Both methods have advantages; here we use the scissors 
method to quantify both measures of what might broadly be 
called toughness and hardness of insects. Unfortunately, both 
toughness and hardness have defi nitions within material sci-
ences that may make the use of the terms problematic. Ev-
ans & Sanson (2005) felt this problem was signifi cant enough 
to use the term “intractability.” We sympathize with their dis-
satisfaction with these terms, but do not feel that intractability 
is an improvement. In this paper we continue to use the terms 
hardness or softness to describe insects. Specifi cally, our def-
inition of an insect’s hardness is the largest force needed to 
part the insect using a sharp scissors (Fmax).
The fi rst problem we faced is determining what quanti-
ties need to be measured that will be related to the biologi-
cal problems faced by a bat chewing an insect. One classic 
representation of toughness is the area under the stress strain 
curve for a standard size sample of a material (Willems, Ea-
sley & Rolfe, 1981). Thus, toughness is the amount of work 
needed to sever a specimen of known cross-sectional area. 
We agree with Vincent (1990) that such traditional methods 
of quantifying toughness fail when dealing with complex bi-
ological structures such as whole insects. Thus, we followed 
the solution proposed by Atkins & Mai (1979) and subse-
quently adapted by Lucas & Pereira (1990), Vincent (1992) 
and Strait & Vincent (1998). The biological specimen (in our 
case an insect) is cut with a scissors and the input work ap-
plied to the scissors is a measure of the work of fracture (Wf). 
Then a measure of the toughness of the insect, T, was found 
by dividing Wf by the cross-sectional area of the cut created 
by the scissors in the specimen. Division by cross-sectional 
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area is designed to standardize the work to the area of the cut 
(because insects cannot be milled to a standard size as a steel 
bar might be). In the ideal experiment to determine T and Wf, 
all the work applied to the scissors goes to extending the frac-
ture. In reality, work is also expended on plastic and elastic 
deformation of material as well as friction between the scis-
sors and the insect. Atkins & Mai (1979) have expressed the 
need to avoid or compensate for these problems to derive the 
true toughness of the material. Indeed, the logic behind the 
use of the guillotine and scissors approach is to concentrate 
work at the point of fracture. Atkins & Mai (1979) did a care-
ful analysis to control for these problems, but their approach 
was largely made possible by the homogeneous and sheet-like 
form of the specimens they cut. Strait & Vincent (1998) ac-
knowledged these problems, but maintained that the use of 
scissors would help concentrate work at the point of fracture. 
While this is undoubtedly true, it is diffi cult for us to equate 
the toughness of a metal foil as determined by Atkins & Mai 
(1979) and the toughness of a beetle, which is a very complex 
bundle of material. The potential for some of the work being 
“wasted” in plastic or elastic deformation, friction and frac-
tures created other than at the scissors’ edges is signifi cant. 
Fortunately for our study, it may not matter. The insectivore 
must pierce and chew the intact insect; therefore, what we are 
measuring with scissors is probably biologically relevant. Be-
cause of the inherent diffi culty of measuring the true work of 
fracture, we take the area under our force–defl ection curve to 
be the work of parting, Wp, and the toughness index derived 
from Wp as Tp (Figure 1). 
Our measure of hardness is the maximum force needed to 
part the insect, Fmax. Although we have measured and will re-
port Tp, Wp and Fmax, we have a preference for the biologi-
cal signifi cance of Fmax. Although toughness has been used 
by Strait & Vincent (1998) as an important measure of a di-
etary item, it suffers from the fact that it is a material prop-
erty and not a structural property of the food item. For exam-
ple, a sheet of aluminum foil that is 0.025 mm thick can be 
cut easily with a pair of scissors. The same alloy of aluminum 
in a 10-mm-thick plate could not be cut by hand with scis-
sors. The material property of the aluminum is the same but 
the outcome is different. For this reason we prefer the biolog-
ical relevance of Fmax in this study. The second comparison, 
between the biological relevance of Wp and Fmax, is subtler. 
Fmax is a measure of the maximum bite force needed to part 
an insect whereas Wp is a measure of the work needed to part 
an insect. Fmax relates directly to maximum bite force that has 
been studied as an important factor for a predator to handle 
prey (Meers, 2002, and references therein). We prefer Fmax as 
the critical factor to measure in prey. Fortunately, as discussed 
below, there is a high correlation between Fmax and Wp in our 
study (R2 = 0.90). However, if food items under study were to 
range from very brittle to very tough material (such as glass 
and leather), then the distinction between Fmax and Wp might 
have to be made. 
The emphasis on Fmax is consistent with the approach of 
Aguirre et al. (2003) and Evans & Sanson (2005), who used 
fl at-ended punches to test for the hardness of insect cuticle. 
They concluded that the maximal force needed to send a stan-
dard punch through the insect cuticle was the best measure of 
hardness. Evans & Sanson (2005) felt this measure was supe-
rior to the work done during puncture and specifi c puncture 
force and specifi c work (found by dividing force or work by 
cuticle thickness). We agree with their conclusion of the im-
portance of maximum force (Fmax) as the most relevant mea-
sure and, although our method using a scissors to cut whole 
insects is different from their method using a punch on iso-
lated cuticle, our conclusions about the relevant measures of 
hardness are similar. 
The second part of our study will be to apply our fi ndings to 
test two hypotheses about what limits the upper size of insects 
taken by bats. Our fi rst hypothesis is that the upper limit of in-
sect prey taken is based on the insect’s physical dimensions. 
The idea is that, given the jaw length of a bat, it can handle 
rapidly insects up to a certain size only. Our second hypothe-
sis is that bats are limited by the strength of their jaws and the 
hardness of prey (Aguirre et al., 2003). Testing these hypoth-
eses is somewhat confounded because large insects, on aver-
age, are harder than small insects. However, a greater knowl-
edge of insect hardness and the strength of bat jaws will allow 
additional conclusions to be drawn. 
Materials and methods 
We collected 78 insect species in the summer of 2004 in 
the state of Nebraska (USA). The insects were predominantly 
coleopterans (29 species) or lepidopterans (21 species) mostly 
caught at night with a light trap. Insects were included in the 
study on the basis of availability and not by known inclusion 
in a bat’s diet. Each specimen was measured for length, width 
and height. The specimens were mounted on a plastic slotted 
stage with polyacrylic glue and cut with new Joewell Cobalt-
5000, straight, hair-cutting scissors mounted on an Instron In-
Spec 2200 testing machine (Instron Corporation, MA, USA) 
Figure 1. Relationship between displacement of scissors and forces 
for the control run (no insect present; thin, slightly inclined line just 
above the x-axis), raw data for cutting a 12 mm pentatomid (topmost 
curve), and force data corrected by subtraction of control data (bold 
curve). Area under the bold curve is shaded and represents Wp. 
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with a 500N load cell (see Strait & Vincent, 1998 for illustra-
tion of the method). The jig for the scissors was made of wood 
so that the plastic platform with the insect could be attached to 
the lower blade and still allow the scissors to close.
Using scissors we determined the total work needed to 
cut an insect longitudinally and head-on along its mid-line. 
This method follows the approach using scissors employed by 
Strait & Vincent (1998) and Lucas & Pereira (1990). To fi nd 
Wp we subtracted the work needed to close the scissors with-
out an insect (a control run) from the work needed to cut the 
insect. This process can be seen graphically in Figure 1. The 
highest curve is the displacement–force curve obtained while 
cutting the insect (a 12mm pentatomid). The lowest curve is 
the displacement–force curve for a control run. The bold line 
is the difference between the curve for cutting the insect and 
the control run. Wp is the area under this last curve (area in 
gray in Figure 1). Following Vincent (1990), we quantifi ed an 
index of toughness (Tp) by dividing Wp by the cross-sectional 
area of the insect (length × height).
Calculation of Fmax is more complex because this force 
must be calculated at the insect and is not the force needed to 
close the scissors, which is being measured directly by the In-
stron machine. This is not a trivial problem because not only 
is the mechanical advantage altered as the length of the output 
arm increases as the scissors close, but also the angle of attack 
(approach angle) of the blade also changes (Atkins & Mai, 
1979). To convert the force data from the Instron machine to 
the actual force delivered on the specimen, we needed a con-
version function. We derived this function experimentally by 
cutting a piece of 0.09mm white copy paper (20 lb stock). Not 
surprisingly, the input force increases as the blade closes and 
the mechanical advantage of the scissors is decreased (Fig-
ure 2a). We fi tted a fi fth degree polynomial, g, to this rela-
tionship between force and displacement (also plotted in Fig-
ure 2a). Through measurement of input arm and output arm at 
zero displacement (initial open position of the scissors), we 
know that the scissors had an initial mechanical advantage of 
4.7. We then calculated a correction factor at displacement d 
as CFd = 4.7(g(0)/g(d)), where g(0) is the value of the poly-
nomial at 0 displacement and g(d) is the value of the polyno-
mial at displacement d. This correction factor is then multi-
plied to the corresponding force value from the Instron data to 
obtain the corrected force. Figure 2b plots the corrected forces 
for the copier paper. Figure 2c plots the data for cutting the 
rutelin beetle Anomala fl avipennis; Fmax is then found to be 
the maximal corrected force needed along the cut, in this case 
about 1.2 N.
Bite forces were found by using the regression published 
by Aguirre et al. (2002). The weights of bats needed for this 
equation were taken from published values for each spe-
cies. The dentary lengths for bats were taken from museum 
specimens for most species (Freeman, 1998). Where species 
were not available, dentary length was estimated using a re-
gression of body weight to dentary length for a large, repre-
sentative sample of microchiropteran bats [dentary length = 
5.46(weight1/3) + 0.129; R2 = 0.88].
The lengths of largest beetles and moths eaten by differ-
ent species of bats were taken from the literature (Acharya & 
Fenton, 1992: Lasiurus cinereus and Lasiurus borealis; Eck-
rich & Neuweiler, 1988: Hipposideros lankadiva; Hooper & 
Brown, 1968: Noctilio labialis (= albiventris); Jacobs, 1996: 
L. cinereus; O’Neill & Taylor, 1989: Chalinolobus morio, 
Nyctophilus timoriensis, Vespadelus regulus, Vespadelus sag-
ittula, Vespadelus vulturnus, and Falsistrellus tasmaniensis; 
Figure 2. Graphical representation of the method of calculating Fmax. 
(a) Raw force to input displacement on the scissors for a cut through 
paper. Also plotted is the fi fth degree polynomial fi tted to this curve. 
(b) Force to displacement data after adjustment by the polynomial of 
part (a). For our scissors the average force to cut this paper is about 
0.21N. (c) Adjusted data from cutting the beetle Anomala fl avipennis. 
Fmax for these data is about 1.2 N.
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Pavey & Burwell, 1997: Hipposideros diadema; Pine, 1969: 
Molossus ater; Pine & Anderson, 1979: Trachops cirrho-
sus; Ross, 1967: Euderma maculatum, Myotis velifer, Pleco-
tus townsendii, Idionycteris phyllotis; Vaughan, 1977: Hippo-
sideros commersoni). The quality of the data varied greatly. 
The best data sets were the large studies by O’Neil & Taylor 
(1989) and Acharya & Fenton (1992). These data were ana-
lyzed separately before grouping all the data together. 
Results
A summary of our results can be seen in Figure 3 with the 
graphs of Tp, Wp and Fmax versus size of insect. Note that in 
Figure 3c there is a clear difference in the toughness of moths 
and beetles. The mean toughness for beetles is 0.40 and that 
for moths is only 0.098 (analysis of covariance showed a sig-
nifi cant effect of groups F = 36, P < 0.001). Also note that Tp 
increases with volume of the insect so that large insects are 
tougher than small insects (also a signifi cant relationship in 
the analysis of covariance F = 82, P < 0.001). In other words, 
the work to cut an insect does not scale to the cross-sectional 
area of the cut but closer to the volume of the insect. This can 
be seen in the exponential regression of work to volume for 
moths (work = 3.8 × volume0.94). Beetles and moths do have 
overlap in Tp even when the size effects are removed.
Wp and Fmax are highly correlated (R
2 = 0.90) in our in-
sects. Neither Wp nor Fmax has been scaled for size as Tp has 
by division by the fracture cross-sectional area, and there is 
a strong infl uence of both taxon and size in these log-trans-
formed data (Figure 3a and b). An analysis of covariance 
of Fmax for the beetle and moth data indicates that there are 
highly signifi cant effects of both insect volume (F = 204, d.f. 
= 1, 75, P < 0.001) and taxon (beetle vs. moth; F = 83, d.f. 
= 1, 75, P < 0.001). Analysis shows a signifi cant difference 
in intercept (P < 0.05) but not in slope (P > 0.5) between 
moths and beetles. The difference in intercept indicates that 
beetles have an average Fmax 3.16 times greater than the av-
erage moth of similar size. In other words, the average moth 
would have to be 2.5 times the length of an average beetle to 
have the same Fmax. The relationship between force and vol-
ume can be expressed as log(Fmax) = β log(volume) + α. The 
equation is log(Fmax) = 0.645 log(volume) × 4.06 for moths 
and log(Fmax) = 0.654 log(volume) × 2.91 for beetles.
Aguirre et al. (2003) found a slope of 1.91 between the 
log of force of penetration and the log of insect length for bee-
tles. Using insect length we found a slope of 1.83 (SE = 0.18) 
with Fmax. In our analysis the slope for Fmax was similar for 
moths (2.07). Unfortunately, Aguirre et al. (2003) did not re-
port the slope for moths; hence no comparison can be made.
Although samples from other orders of insects are smaller, 
several interesting patterns emerge (Figure 4). The fi rst is that 
moths are not easier to part than insects from many other 
groups. Diptera, Neuroptera, Odonata, Orthoptera, Plecoptera 
and Trichoptera have about the same Fmax whereas Ephemer-
optera have lower hardness. Like beetles, Hemiptera and Ho-
moptera have a wide range of Fmax, making them intermedi-
ate between moths and beetles. The two hymenopterans that 
we cut both had high Fmax for their body volumes; indeed, the 
highest positive residual from the beetle regression line was 
for the velvet ant (Mutillidae). Given the small sample sizes in 
these groups, it is hard to refi ne our conclusions.
Figure 3. Relationship between Fmax and insect volume (a), work and 
insect volume (b) and toughness and insect volume (c) for beetles (□) 
and moths (■). Also shown are regression lines from an analysis of co-
variance. In general, beetles are harder and tougher than moths and 
take more work to cut or part.
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On average, larger bats take larger insects (solid squares 
in Figure 5a, R2 = 0.72, P < 0.001). Also, larger bats have 
longer dentaries (open squares in Figure 5a, R2 = 0.88, P < 
0.001). However, the slopes of these two regressions are dif-
ferent. Larger bats take relatively large insects relative to their 
jaw length. A subtler pattern can be found when comparing 
the size of beetles and moths in diets (Figure 6). Analysis of 
covariance of cube root of bat weight versus insect length for 
our best data sets shows a signifi cant effect of both bat weight 
(F = 37, P < 0.001) and insect taxon (F = 6, P < 0.05). The 
difference in intercepts of the moth and beetle lines indicates 
that, for a given size, these bats ate moths that were about 1.3 
times larger than the beetles in their diets. However, when we 
extended our analysis to all diet studies, the relationship was 
no longer signifi cant. This may be a problem with the quality 
of data in some of the studies. Results from O’Neil & Taylor 
(1989) and Acharya & Fenton (1992) are the best available for 
our comparison of moths and beetles taken by bats. O’Neil & 
Taylor (1989) found that signifi cantly larger moths were taken 
by fi ve of six species of bats in their study.
Figure 5b plots a series of points based on diet data from 
bats. Each point represents a species of bat where Fmax cal-
culated from the largest beetle or moth in its diet is plotted 
against the bat’s mass (Fmax calculated using average values 
for moths and beetles based on our regressions). Also plotted 
is a line showing the relationship between body weight and 
bite force derived by Aguirre et al. (2002). Two different re-
lationships are plotted against the bat’s mass: fi rst is the rela-
tionship between the Fmax of the largest insects taken by a bat 
and second, the maximal force that can be generated by the 
Figure 4. Relationship between Fmax and insect volume for the re-
maining insects in our study. Regression lines for beetle data (upper 
line) and moth data from Figure 3a are plotted for comparison.
Figure 5. (a) Solid squares show the relationship between dentary 
length and the cube root of bat weight. Open squares show the re-
lationship between the maximum length of moths and beetles eaten 
by a bat and the cube root of bat weight. These slopes are dissimi-
lar. (b) Relationship between Fmax for beetles (□) and moths (■) plot-
ted against bat weight. The top line is the regression found between 
a bat’s weight and the maximal bite force its jaws can generate and 
closely parallels the beetle and moth regression lines.
Figure 6. Relationship between bat weight and length of beetles (□) 
and moths (■) taken from the best dietary data available. On average, 
bats eat larger moths than beetles.
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bat’s jaws. Thus Figure 5b is analogous to Figure 5a where 
we found that changes in jaw length with increasing body size 
did not parallel changes in the length of insects included in the 
bat’s diet. In Figure 5b however changes in bite force closely 
parallel changes in the Fmax values. 
A percentage index of relative dietary hardness for an in-
sect in a bat’s diet can be found by dividing the insect’s Fmax 
by the bat’s bite force. Thus, as Fmax approaches bite force this 
index approaches 100%. Analyzing beetles and moths sepa-
rately, we found that there is no signifi cant relationship be-
tween a bat’s weight and this relative index of dietary hard-
ness (Figure 7). Thus, larger bats do not take relatively harder 
or softer prey than small bats. There is a signifi cant difference 
in this relative dietary hardness between the beetles and moths 
taken (F = 25, P < 0.01), indicating that on average beetles in 
a bat’s diet are harder than moths. 
Discussion 
Our analysis indicates that Fmax is affected by both insect 
size and taxon. Beetles have higher average Fmax than moths 
of the same size, but a large moth will have a higher Fmax than 
a small beetle. The slope of the regression line between in-
sect volume and Fmax is fairly consistent across taxa at about 
0.65. The differences in groups of insects is in the elevation 
of the line. Although moths may be thought of as soft bod-
ied, several other groups of insects have similar relationships 
between body volume and Fmax. Beetles are considered hard 
bodied, but this group showed more variability around the re-
gression line than moths. Soft-bodied beetles have values of 
Fmax similar to a moth of the same size. Given the strong re-
lationship between Fmax and size within both moths and bee-
tles, size must be considered in any discussion of insect hard-
ness. However, in bat diets, the size range of insects eaten 
is often relatively narrow (O’Neill & Taylor, 1989), and our 
analysis indicates that the moths eaten by bats typically rep-
resent relatively soft portions of their diet as compared to the 
beetles consumed (Figure 7). Ultimately this confi rms Free-
man’s (1979, 1981) notion that moth eaters eat relatively soft 
prey. Given the sizes of prey actually consumed, the largest 
moths taken by bats have relative dietary hardness that aver-
ages about 16%. This index for the largest beetles in a bat’s 
diet averages about 58%. 
Larger bats tend to eat larger insects. There are several 
reasons why bats restrict the upper size of the insect they take. 
One hypothesis is that, as aerial insectivores, bats can most ef-
fi ciently handle prey up to a certain size because of the phys-
ical dimensions of the insect. If the insect is too large, it will 
not fi t in the bat’s mouth and may slow down processing. 
Some bats that take large insects land to manipulate and eat 
their prey, but many bats consume the insect while still on the 
wing. Thus, if the insect is too long, some sort of oral jug-
gling would have to be done to chew it. At some point the ex-
tra time involved may not be compensated by the additional 
calories in the larger insect. Another hypothesis is that the size 
of the largest insect taken is determined by the insect’s hard-
ness (Aguirre et al., 2003). It may not be an absolute impossi-
bility to chew the larger insects, but harder insects could take 
longer to chew and a bat’s time might be better spent pursuing 
smaller prey. Thus, these two hypotheses concentrate on the 
importance of two different aspects of an insect’s size: linear 
dimensions and Fmax. 
If the hardness hypothesis is correct, length does not mat-
ter and bats should eat larger moths than beetles. We found 
that for a moth to have the same Fmax as an average beetle, it 
would have to be 2.5 times longer. Several bats that eat both 
beetles and moths have been found to eat larger moths than 
beetles, but the size ratio is only 1.3 and not the predicted 2.5. 
One consequence of this is that the beetles they eat are harder 
to chew than the moths (Figure 7). 
If the handling hypothesis is correct, one would pre-
dict that prey size increases with bat size as a function of 
gape or jaw size. If the hardness hypothesis is correct, one 
would predict that prey size is determined by the relation-
ship between bite force and the insect’s Fmax. Using dentary 
length as an index of jaw size, we found that small bats eat 
insects approximately as long as their dentaries. However, as 
bats get larger, insect size increases much faster than dentary 
length (Figure 5a). The prediction of the hardness hypothe-
sis, that Fmax of the largest insects in a bat’s diet should in-
crease in tandem with the bat’s bite force, is confi rmed (Fig-
ure 5b). 
Thus, our investigation of these hypotheses has produced 
confl icting results. On the one hand, the similarity of slope in 
bite force and Fmax supports the hardness hypothesis, as does 
the fact that some studies show that bats take larger moths 
than beetles. However, if only hardness were important, bats 
should be willing to eat much larger moths than beetles, and 
this does not appear to happen. Several possibilities exist 
to explain this pattern; for instance, does hardness limit the 
Figure 7. Relative dietary hardness of largest beetles (□) and moths 
(■) taken by a bat plotted against the bat’s weight. There is no signif-
icant relationship between relative dietary hardness and bat weight; 
however, moths are signifi cantly softer dietary items than beetles. 
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size of beetles taken, but dimensions are limiting in the softer 
moths? This issue will require further investigation. 
An interesting corollary arises from the insect hardness 
versus length problem. If a bat specializes on eating beetles 
that are relatively large for its jaw forces, there should be se-
lection for short powerful jaws. Longer jaws might allow eas-
ier manipulation of larger prey, but the loss of mechanical ad-
vantage might overrule this alteration. On the other hand, bats 
that eat relatively large moths may face less of a problem with 
prey hardness and be able to lengthen jaws to ease manipula-
tion of prey. Therefore, species that specialize in eating rela-
tively large beetles should be short jawed and have large jaw 
muscles. Species that eat relatively large moths should have 
relatively long jaws and have relatively less need for power-
ful muscles. 
Are bats near their maximum bite force with the hardest 
beetles in their diet? With estimates of bite force and insect 
hardness, can we combine this information to predict whether 
a bat can chew up a particular insect? Aguirre et al. (2003) 
tried to arrive at this, but we feel there is a problem in their at-
tempt to equate their maximal force using a punch with max-
imal bite force. We see no way to convert the fl at-end punch 
or scissors results to the resistance encountered as a bat chews 
an insect. Comparison of our data with those of Aguirre et al. 
(2003) shows that their forces averaged 2.3 times higher than 
ours (but importantly the slopes of force to insect length are 
similar). Our scissors, being razor sharp, would represent a 
minimum Fmax, but this force cannot be equated to what is en-
countered by the bat. It is only a relative index of hardness. 
For example, Aguirre et al. (2003) used a fl at-end punch that 
had an end surface area of 3.0 mm2. However, it would not be 
surprising that insects are easier to penetrate with a smaller 
punch. Thus, we can create a relative measure of the resis-
tance the bat will fi nd in chewing up an insect but not the ab-
solute value its jaws will encounter. This line of reasoning 
puts our measure of relative dietary hardness in perspective. A 
100% value would be relative to our scissors-derived Fmax and 
not a measure of the maximal force needed by the bat’s teeth 
to part the insect. 
On the basis of our use of scissors as well as the work 
of others, we can draw some conclusions about estimating the 
hardness of whole insects (see Evans & Sanson, 2005 for an 
alternative approach using cuticle thickness). Firstly, for ease 
of use and repeatability between studies, the fl at-end punch 
has clear advantages. No corrections have to be made for me-
chanical advantage as with scissors. The punch can be repro-
duced by other researchers with a minimum of effort. With 
scissors, the exact same model of scissors would have to be 
used with the same sharpness of blades. On the other hand, we 
found scissors especially effective at measuring cutting forces 
in very delicate insects. With a punch there can be a confus-
ing smashing of the insect without a clear point of penetration. 
However, to allow some comparison among scissor studies, 
we suggest that a control test on standard stock copier paper 
be reported. This will allow a conversion factor to be created 
to compare results among studies. 
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